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ABSTRACT
There exists potential to better understand ecology through physiological
measurements in fish. By bridging the gap between ecology and physiology we can better
understand fish and the challenges they face in a changing climate. However, to do so we
also need to be able to more successfully make physiological measurements in freeswimming fish. To examine the relationship between physiology and ecology in fish, I
looked at two species, bowfin (Amia calva) and largemouth bass (Micropterus
salmoides), two phylogenetically distant fish that share preferred habitat and prey but are
physiologically very different. Fish were given heart rate loggers and after a 24-hour
period of recovery were exposed to a stressor to collect an elevated heart rate before
being sealed in respirometry chambers to collect oxygen consumption rate data
simultaneously for the remainder of the trial. Proceeding each trial, muscle and liver
tissue samples were collected from each fish. Calibrations of heart and oxygen
consumption rate data revealed a weak relationship between the two in largemouth bass
which exhibited a greater range in heart rate than bowfin did. Tissue samples collected
were run for δ13C and δ15N and all variables were controlled for mass before comparing
isotopic values to metabolic rate. No relationships were found between isotopic data and
metabolic rate in either species. However, all experiments here took place under a narrow
range of conditions and therefore there is promise for future work should these
relationships be further explored under a greater range of conditions. If we can establish
stronger relationships between these techniques, we can increase the toolbox available for
quantifying the role of fish in nature and our understanding of their ecology and
physiology through direct field measurements.
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CHAPTER 1
GENERAL INTRODUCTION

Thesis overview
Metabolism is the biological process that controls all aspects of energy
expenditure, including growth and reproduction, through the regulation of physiological
rates and reactions within an organism (Brown et al., 2004). Growth and reproduction,
while physiological in nature, are often examined through an ecological lens as they are
important to population dynamics and ecosystem function. However, despite this overlap,
there remains unfulfilled potential to better understand ecology via physiological
measurements in wild fishes (Young et al., 2006).
When examining the ecology and physiology of fish, there are several techniques
that can be applied. Each provides different perspectives on a fish’s functionality,
contributing to understanding of their role in nature. Respirometry, heart rate loggers and
stable isotopes are tools that each generate data describing various aspects of the ecology
and physiology of fish. Respirometry and heart rate loggers are used to measure
cardiorespiratory performance and estimate metabolic rate, whereas stable isotopes are
used to study feeding ecology. However, these techniques have rarely been integrated by
fish ecologists despite the intrinsic link between metabolism and feeding. The goal of my
research is to bring these techniques together and compare them using two freshwater
fishes, bowfin (Amia calva) and largemouth bass (Micropterus salmoides), that have
ecological similarities but obvious physiological, morphological and phylogenetic
differences. That contrast will allow for an assessment of the mechanistic relationship
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between heart rate, metabolism and feeding ecology, and to determine if there is a need to
calibrate techniques across species.
Heart rate loggers
Heart rate loggers are typically inserted into the body cavity of fish and record
heart rate via electrocardiogram (ECG) sensors. These loggers, which are often better
designed for mammals and not widely commercially available, have received mixed
reviews for their utility in fish (Cooke et al., 2016). There have been a handful of
previous publications using heart rate loggers in fish (Brijs et al., 2019; Ekström et al.,
2018; Prystay et al., 2017; Prystay et al., 2019; Davidsen et al., 2019; Anderson et al.,
1998; Donaldson et al., 2010; Raby et al., 2015), few of which have involved the species
used for this project, bowfin and largemouth bass.
Heart rate in fish is affected by several factors both environmental and
physiological, similar to metabolic rate, including stress – both physical and external
(Laitinen & Valtonen, 1994), temperature (Eliason et al., 2011), pH (Milligan & Wood,
1982), and feeding (Lucas et al., 1991). The limited research that has been done to assess
heart rate as a proxy for metabolic rate suggests it is a not particularly accurate one for
fish (Thoraransen et al., 1996). However, studies on relationships between heart rate and
metabolic rate in fish are relatively old and there are concerns about the results due to
changes in availability and accuracy of heart rate logger technology, resulting in need for
further exploration and replication over a greater number of species to increase
confidence in them (Armstrong, 1986; Priede & Tytler, 1977).
Today, this technology often works by measuring ECGs through electrodes on the
logger’s surface that are subcutaneously placed adjacent to the heart (Clark et al., 2008).
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In the past, heart rate was collected through doppler flow probes, which were restricted to
lab use (Cooke et al., 2004), and heart rate telemetry, which allowed for field
measurements but had large external battery packs associated with the transmitter
(Anderson et al., 1998; Cooke et al., 2004). Heart rate loggers allow for field
measurements, but do not have the additional weight problem of external battery packs.
My research used DST-milli-HRT heart rate loggers (Star Oddi, Gardabaer,
Iceland), which measure heart rate and temperature. These hermetically sealed loggers
are programmable for experiment-specific needs and have batteries that can last for more
than eight months when sampling every 10 minutes. The loggers are surgically implanted
in the body cavity as close to the heart as possible to get the clearest electrical signal and
are equipped with a small hole in which a suture can be threaded through for attachment
to the body wall to keep the tag in position.
Respirometry
Respirometry is the process of measuring oxygen consumption rate by sealing an
organism in a chamber that contains a finite amount of oxygen. Oxygen consumption rate
is used as a proxy for determining metabolic rate (Nelson, 2016). The equation used for
calculating oxygen consumption rate is:
ṀO2 = VRE × MW-1 × δCO2δt-1
in which ṀO2 is oxygen consumption rate, VRE is the effective chamber volume (in L),
MW is the mass of the fish (in kg), and δCO2δt-1 is the linear slope from oxygen decrease
during sealed cycles (mg O2 L-1 min-1).
Depending on the conditions created during experiments, a standard (i.e., resting),
routine, active, or maximum metabolic rate for a fish can be quantified. For my study,
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only the first three (standard, SMR; routine, RMR; and active metabolic rate, AMR) were
measured because of the difficulty obtaining true estimates of maximum metabolic rate
(see Chabot et al., 2016). Respirometry has become a popular method in fish ecology and
comparative physiology (Hvas & Oppedal, 2019), and there are well-established best
practices for conducting experiments and analyzing the resultant data (e.g., Norin &
Clark, 2016; Roche et al., 2013).
For my research, static intermittent flow respirometry chambers were selected as
they provide the best approach for estimating SMR and enable assessment of RMR and
AMR (Chabot et al., 2016). Other options, such as the use of swim tunnel respirometers,
would have also been appropriate for collecting active or maximum metabolic rate
(Roche et al., 2013), but would have led to a smaller sample size due to time and
equipment constraints. Swim tunnel respirometry protocol takes a long period of time for
a single fish to complete a trial, resulting in decreased efficiency by a minimum of 50%
compared to static intermittent flow in which four to five fish could be completed in 24
hours. In addition to these constraints, not all species are sufficiently motivated
swimmers for swim tunnel respirometry to be feasible. Typically, pelagic, ‘athletic’
species like salmon, and unlike largemouth bass and bowfin, are suitable (Clark et al.,
2013). More importantly, I did not have access to a swim tunnel respirometer of
appropriate volume for my study species.
Stable isotopes
To assess feeding ecology, my research used nitrogen (δ15N) and carbon (δ13C)
stable isotopes, which quantify trophic position and carbon source/habitat use in fish,
respectively. Stable isotopes provide insights on what and where an organism is feeding
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and therefore helps quantify their ecological niche (Newsome et al., 2007; Parnell et al.,
2013; Vander Zanden et al., 1997). They also provide a time-average assessment of
feeding ecology, which varies depending on the tissue analyzed (Hesslein et al., 1993). I
used muscle and liver, with muscle providing an assessment of diet over a longer time
period (6-12 months) because of a slower tissue turnover rate than liver (1-2 months)
(McConnaughey & Roy, 1979; Pinnegar & Polunin, 1999). As lipids can confound
interpretation of δ13C, all samples were lipid extracted prior to isotope analysis to
eliminate any bias between tissue and species. This is particularly important because liver
has a higher lipid content than muscle, and there may be differences in tissue-specific
lipid content between species (Post et al., 2007).
While we can determine δ15N and δ13C using only tissue samples from the species
in question, those values cannot tell us much about their feeding ecology or isotopic
niche without other information to give them context. Because values can vary across
systems, stable isotope data from known prey species from the study area need to be
gathered so that isotopic niche can be put in context and determine if variation is due to
ecological factors or differences in base δ15N and δ13C (Post, 2002). As a result, I
measured isotopes in prey species and baseline organisms in addition to the study species.
Physiological drivers of cardiorespiratory processes
Heart rate in fish is influenced by several factors both internal and environmental,
many of which may be exacerbated by anthropogenic influence.
Two of the environmental factors that have the largest influence on heart rate are
water temperature and dissolved oxygen, which are negatively correlated at 100% air
saturation. Fish heart rate will typically increase with increasing temperature until
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approximately 31°C to 37°C at which point critical thermal maximum is reached and will
decrease with decreasing temperature until around -2°C to 2°C when critical thermal
minimum is reached (Farrell, 2016), exact critical temperatures varying between species
and populations depending on how each is adapted to their surroundings (Farrell, 2016;
Eliason et al., 2011). Heart rate increases as needed to bring the necessary amount of
oxygen to a fish’s cells and as oxygen concentration decreases in the environment with
increasing water temperature, heart rate will increase due to both factors (Steinhausen et
al., 2008). These dynamics have often been discussed in the context of the oxygen and
capacity-limited thermal tolerance (OCLTT) hypothesis which predicts that the ability of
ectotherms to provide oxygen to cells becomes limited at temperature extremes (Farrell,
2016; Pörtner & Peck, 2010). Temperature and dissolved oxygen in aquatic environments
have both been changing in recent years due to changing climate and increased nutrient
run-off (Diaz & Rosenberg, 2008).
While human activity has influenced some environmental factors, such as our
effects on climate through greenhouse gas emissions, there are other factors that can
affect cardiorespiratory responses in fish that are purely anthropogenic, such as the
handling of and experimenting on fish. Conducting experiments is critical to
understanding the physiology and ecology of fish but can cause stress for the animals.
For example, surgical procedures can increase resting heart rate for the duration of the
recovery period thereby impacting data if a sufficient recovery period is not allowed,
sometimes lasting several days (Altimiras & Larson, 2000). Anaesthetic can also have its
own impact independent of surgical processes. The anaesthetic used in my research,
tricaine methanesulfonate (MS-222), has been observed to cause an increase in heart rate
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in proportion to the dose given to the fish (Randall, 1962; Hill et al., 2002). Even once
sufficient recovery period has been allowed, stress may still be caused by handling fish
and purposefully exposing them to stressful conditions if part of experimental protocol.
These are all factors that need to be considered when planning experimental design.
Not all factors driving heart rate are external, some are internal. There have been
several studies demonstrating that many fishes, particularly teleosts, control cardiac
activity by modulating stroke volume in addition to heart rate, which is the volume of
blood the left ventricle pumps in one contraction (Farrell, 1991). Factors that cause heart
rate responses include feeding, movement, and growth. Any movement costs energy (and
requires oxygen delivery to tissues) and the heart pumping more oxygen to a fish’s cells
but burst swimming especially will cause an increase in oxygen uptake and therefore
heart rate (Adams et al., 1982). Similar increases may be attributed to hunting events in
which predators strike at prey, followed by their heart rate staying elevated for up to
several hours as food is digested (Lucas et al., 1991). Likewise, digesting meals and
growth both require extra energy compared to routine metabolism and can cause
elevation in heart rate.
Intrinsically, heart rate is higher in the more recently evolved teleost fishes than it
is in more primitive fishes (Farrell, 2007). This is likely due to the structural differences
present in the heart and nervous system of primitive fishes compared to teleost fishes and
how the two systems interact with each other (Laurent et al., 1983). An example would
be the varying natriuretic peptides found in each (Olson & Farrell, 2006); however, they
do have similar function as heart rate is increased by adrenergic stimulation and
decreased by cholinergic stimulation though they have less effect beyond heart rate in
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more primitive fishes compared to teleost fishes (Laurent et al., 1983; Olson & Farrell,
2006). Beyond reasons listed above, changes in heart rate may be triggered by changing
environmental conditions (i.e. hypoxia, etc.) signaling chemoreceptors in the gills,
however this does not hold true for all fish (Olson & Farrell, 2006).
Study species
Largemouth bass are a centrarchid fish native to Southern Ontario that have high
recreational fishing value locally and globally (Scott & Crossman, 1973). Bowfin, the last
remaining member of the family Amiidae, inhabit warm vegetated areas nearshore
throughout North America (Koch et al., 2009; Scott & Crossman, 1973). However,
bowfin have generally been considered undesirable in sport fishing and – previously –
unimportant ecologically, and therefore have often been disregarded for recreation and in
research (Koch et al., 2009). While these two species belong to the same class,
Actinopterygii, their phylogenetic relationship is otherwise distant, bowfin belonging to
the class Amiiformes and largemouth bass to the class Perciformes, two classes which
evolved at different times, bowfin having evolved over 150 million years ago, and
largemouth bass only 3-4 million years ago (Collar et al., 2008).
Despite the physiological differences of these two species, they share similarities
in their feeding ecology, habitat use, and reproductive patterns. Bowfin and largemouth
bass feed on similar prey species, including fish, such as bluegill (Lepomis macrochirus)
and invertebrates, in particular crayfish (Orconectes spp.; Cambarus spp.) (Hodgson et
al., 2006; Nawrocki et al., 2016; VanMiddlesworth et al., 2017). A key difference in their
feeding ecology, however, is that bowfin are generalists at the population level with some
individuals within populations specializing, often for crayfish (Mundahl et al., 1998),
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while largemouth bass remain generalist as a species, though diet may vary between
populations (Winemiller & Taylor, 1987). Past research has suggested that each consume
what is easily and abundantly available, sometimes turning to cannibalism (Hodgson &
Kitchell, 1987; Nawrocki et al., 2016), and both are known to be ambush predators
(Savino & Stein, 1982; Scott & Crossman, 1973).
Both species prefer slow moving, vegetated waters, common along the shorelines
of lakes and rivers, as well as in streams or marshes (Koch et al., 2009; MacKay, 1963;
Scott & Crossman, 1973). They build their nests in similar habitats; the males of each
species clearing out areas for nests along the shallows of the shoreline, often protected by
surrounding vegetation (Scott & Crossman, 1973). Largemouth bass spawn earlier,
typically in early May, while bowfin wait until late May or early June in Ontario
(MacKay, 1963).
Despite their ecological similarities, there are physiological differences between
bowfin and largemouth bass. Morphologically, bowfin can breathe air while largemouth
bass cannot, the gas bladder of a bowfin acting like a lung and being more vascularized
than that of the largemouth bass (Hedrick & Jones, 1999). Being the more primitive fish,
bowfin would be expected to have a lower resting heart rate than the teleost largemouth
bass (Farrell, 2007). Bowfin also move differently, using undulatory movement of the
dorsal fin to propel themselves at low speeds (MacKay, 1963), while largemouth bass
move using a combination of their bodies and caudal fins (axial musculoskeletal system)
(Gibb et al., 2013). Both closely guard their nests, but bowfin stay with their young
longer than do largemouth bass, from hatching until they are about 10 centimetres or so
in length (Scott & Crossman, 1973), while largemouth bass only stay with young until
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they are about 2.5 centimetres (MacKay, 1963). Both species reach sexual maturity
around three to five years (Scott & Crossman, 1973). Upon reaching sexual maturity,
bowfin males take on a distinct colouring from the females, their fins turning bright
green, while largemouth bass do not develop visible secondary sexual characteristics. It is
these differences, combined with the aforementioned ecological similarities, that make
these species of interest for a comparative integrating of the techniques being applied.
Thesis objectives
This thesis aims to understand the relationships between respirometry and heart
rate loggers and stable isotopes through a comparison of bowfin and largemouth bass.
This combination of techniques can provide novel information on their physiology and
ecology, combining metabolic rate with feeding ecology and heart rate, therefore telling
us the relationships between metabolism (estimated through oxygen consumption), and
isotopic niche and heart rate within these species and for future study.
Chapter two quantifies the relationship between heart rate and oxygen
consumption using bowfin and largemouth bass in a controlled environment with the aim
of calibrating heart rate as a proxy for metabolic rate so that these measurements may be
made remotely in the future. Heart rate logger technology is largely untested in fish and
there are few publications on the use of them or previous heart rate technology in
largemouth bass or bowfin. This is likely because of the costs of monitoring heart rate
and the historical lack of commercially available loggers (Cooke et al., 2016). Heart rate
varies in its contribution to a fish’s oxygen consumption rate between species but may
only account for a small contribution in cases when stroke volume is a significant
modulator of cardiac output (Thorarensen et al., 1996). However, in spite of an imperfect
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relationship with metabolic rate it may also be useful as a proxy for metabolic rate,
similar to oxygen consumption rate, as has been seen in other animals, though it has not
yet been validated in fish (Butler et al., 2004; Thorarensen et al., 1996). Because of this, I
hypothesized that there would be a positive relationship between heart rate and metabolic
rate as the heart has a direct role in modulating oxygen transport and uptake. However,
because there are physiological differences between species, I also hypothesized that this
relationship would vary between species as a result, leading to the need to calibrate for
individual species.
Chapter three used stable isotope and respirometry data to understand the
relationship between metabolic rate and isotopic niche by examining the ecological and
physiological relationships between bowfin and largemouth bass. Feeding ecology
metrics, including trophic position and habitat use/food source, determined through stable
isotope analysis, were compared to metabolic rate, determined by oxygen consumption
rate. I hypothesized that trophic position would correlate with metabolic rate while
controlling for mass as both often correlate with fish size. This multiple parameter
approach will determine if it is possible to predict metabolic rate based on feeding
ecology (or vice versa). Bowfin provide a good contrast to largemouth bass as individuals
have a wide range of stable isotope values, suggesting individual specialists in a
generalist population, leading to wide range of trophic positions of individuals (Nawrocki
et al. 2016). Because of this, I hypothesized that a wider isotopic niche would be
associated with higher metabolic rates between species because greater activity scope is
needed to capture a wider range of prey.
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CHAPTER 2
EXPLORING RELATIONSHIPS BETWEEN OXYGEN CONSUMPTION AND
BIOLOGGER-DERIVED ESTIMATES OF HEART RATE IN TWO WARMWATER
PISCIVORES

Introduction
A large amount of research in physiology is focused on strengthening our
understanding of how variation in metabolic rate shapes ecological and evolutionary
processes (Tomlinson et al., 2014; Ricklefs & Wikelski, 2002; Réale et al., 2010). In
fishes, bioenergetics modeling provides a holistic, first-principles framework for
quantifying how fish respond to environmental dynamics (Jobling 1994; Deslauriers et
al., 2017). Metabolic rate, a crucial parameter in bioenergetics models (Winberg, 1960),
is typically estimated via the rate of oxygen consumption (ṀO2) by confining fish in
respirometry chambers in the laboratory. However, our ability to understand metabolism
in wild fish and to develop ecologically accurate bioenergetic models could be improved
by being able to quantify natural variation in metabolic rate of fish in situ.
There has long been an interest among fish biologists in using electronic sensor
tags to remotely estimate metabolic rate in free swimming fish. Heart rate (fH), which can
be estimated via electrocardiogram (ECG) data, has the potential to act as a proxy for
metabolic rate, because the heart is directly involved in the uptake and transport of
oxygen (Butler et al., 2004). Heart rate tags have been the subject of experimentation
with fish for decades, having been usually custom-made (e.g., Priede, 1974; Priede &
Tytler, 1977; Armstrong, 1986; Kneis & Siegmund, 1976) and difficult to work with,
often being restricted to a laboratory setting or including external battery pack (e.g.,
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Cooke et al., 2004). In recent years, researchers have begun using commercially available
heart rate loggers developed by Star Oddi (https://www.star-oddi.com/) which are much
smaller than older models and measure electrocardiograms (ECGs) through electrodes on
the side of the logger and calculate fH using pre-programmed algorithms. These loggers
can be surgically implanted in wild fish and make intermittent recordings for weeks or
months, overcoming limitations associated with laboratory experiments (see Cooke et al.,
2016), although recapture of the study animals is required for logger download; a
logistical challenge for many wild fishes. As well, fH needs to be calibrated as a proxy for
metabolism before use and calibrations likely need to be done on a genus or specific basis
(Butler et al., 2004). Even in the ‘best-case scenario’, fH is only likely to provide a
relative approximation of ṀO2 because ṀO2 is modulated by physiological functions other
than fH, such as the stroke volume of the heart and the rate of oxygen diffusion at the gills
(e.g., changes in ventilation rate; Farrell, 1991). However, in free-swimming fish, fH
likely represents one of our best current options for estimating variation in ṀO2 because it
can capture variation associated with swimming activity (Webber et al., 1998), recovery
from exercise (Prystay et al., 2017), feeding and digestion (Armstrong, 1986), or
variation associated with temperature (Priede, 1983).
This study assessed the use of fH as a proxy for metabolic rate in two freshwater
fish, bowfin (Amia calva) and largemouth bass (Micropterus salmoides). These species
were selected due to their broad distribution in North American freshwaters and the
ecological similarities they share combined with the fact that both grow to a size
appropriate for use of electronic tags of the size we used here (13 mm diameter × 39.5
mm long). Cardiac physiology has been examined in these species a handful of times
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(bowfin – Porteus et al., 2014a, 2014b; largemouth bass – Cooke et al., 2004, 2002).
Given the heart’s direct role in modulating oxygen transport and uptake (Satchell, 1991),
we hypothesized that there would be a positive relationship between fH and ṀO2 in both
bowfin and largemouth bass. Because of the profound physiological, anatomical, and
phylogenetic differences between bowfin and largemouth bass, we predicted that the
heart rate-metabolic rate relationship would differ between these species. To facilitate the
calibration of the relationship between ṀO2 and fH, we exposed every fish to a
confinement + air exposure stressor immediately before entry into the respirometers. That
step was designed to cause some level of exhaustion and physiological recovery to elicit a
broader range of fH and ṀO2 than would be expected in fish simply resting in
respirometers. Given that relationships between fH and ṀO2 are not always entirely clear
(Thorarensen et al., 1996), laboratory calibration experiments like the one described in
this paper are an important first step in evaluating the utility of fH loggers for studying
ecological energetics of wild fish.
Methods
Fish collection
Twenty-one (21) bowfin and 30 largemouth bass were collected by boat
electrofishing from the Detroit River in the waters around Fighting Island in LaSalle,
Ontario (42°13'14.1"N 83°06'53.2"W, 42°11'26.6"N 83°06'55.4"W) between May 15 and
June 11, 2019. Once caught, fish were held in an onboard aerated tank and transported to
the nearby (~ 500-750 m) Freshwater Restoration Ecology Centre (FREC) in LaSalle ON
(42°14'10.4"N 83°06'17.9"W). Upon arrival, fish were given either a floy tag or a PIT
(passive integrative transponder) tag for identification and transferred into indoor 850L
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holding tanks held at either 14°C or 19°C depending on tank availability as there were
multiple experiments running parallel within the same facility. All respirometry and fH
data were collected at 19°C, which was closer to the median river temperatures during
early summer. Tanks were on a recirculation system with UV sterilization, aeration, and
filtration of dechlorinated municipal water, with temperature regulated by thermostatcontrolled chillers. Fish were held in a seven-day quarantine, as per institutional animal
care requirements (for biosecurity purposes), prior to use in experiments. All animals
were visibly in good condition (no fish died) following the quarantine period. All
procedures for this study were approved by the University of Windsor Animal Care
Committee following guidance set by the Canadian Council on Animal Care (Animal
Utilization Project Proposal #19-08).
Heart rate logger implantation
Following the quarantine period, fish had Star-Oddi DST-Milli-HRT loggers
(11.8 g in air, 13mm diameter × 39.5 mm length, Star-Oddi, Gardabaer, Iceland;
https://www.star-oddi.com/) surgically implanted into the body cavity. Loggers were
programmed using the software Mercury (Star-Oddi, Gardabaer, Iceland;
https://www.star-oddi.com/) to turn on and record ECG for 7.5 seconds at 80 Hz every 10
min, from which fH was calculated (beats min-1) and given a quality index value using a
pre-programmed algorithm. After programming, loggers were fitted with a size two
suture, and sterilized along with all tools by immersion in betadine solution prior to
surgery. A 20 L anaesthetic bath was prepared with a concentration of 125 mg L-1 tricaine
methanesulfonate (MS-222) buffered by 250 g L-1 sodium bicarbonate. Individual fish
were placed in the bath and left until they lost equilibrium (typically 4-5 min) and then
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measured (length to nearest mm, weight to the nearest 0.5 g). Fish were continuously
supplied with aerated water with a maintenance dose of 80 mg L-1 MS-222 (160 mg L-1
sodium bicarbonate) during surgery. Based on the differing position of the pelvic and
pectoral fins (and associated cartilage) relative to the pericardium, an incision of two
centimetres was made either between the pelvic fins just off the ventral midline (bowfin)
or between the pelvic and pectoral fins on the left side (largemouth bass) of the fish.
Loggers were inserted and oriented within the body cavity such that both electrodes were
facing the pericardial cavity. Loggers were secured in place with an anchor suture and the
incision closed with two sutures; all sutures were done using a 2-3-2 knot. Fish were
placed in an 80 L aerated recovery tank until they had fully regained their righting reflex
(approx. 10 minutes) and then transferred to a 19°C 850 L holding tank for 24 hours of
recovery from surgery.
Respirometry
After the 24-hour recovery period, fish were exposed to a handling stressor to
elicit an elevated metabolic rate (or AMR, active metabolic rate) to facilitate a broader
range of both fH and ṀO2 values for the purpose of calibration. The handling stressor
involved fish being netted using a knotless nylon dipnet and then held at the water-air
interface for two minutes (at least one set of gills always submerged) and then completely
air exposed for one minute. At the end of the air exposure, fish were sealed into
respirometry chambers that were either 16 L (internal dimensions 42 cm long × 20.2 cm
wide × 19 cm deep; 26 largemouth bass, two bowfin) or 74.2 L (internal dimensions 80.5
cm × 30.5 cm × 30.5 cm; five largemouth bass, 20 bowfin), with the size of the chamber
used for a particular fish being driven by the size of the animal. Typically, 4 or 5
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respirometers were running in parallel, and fish were all exposed to the stressor and
transferred to respirometers within a five-minute period. Once all fish were in
respirometers, the respirometer flush pumps were manually switched off for an initial
sealed measurement period to estimate AMR. Flush pumps were then switched back on
when DO reached ~7 mg/L (~80% air saturation) and thereafter controlled with timers set
for 30-minute flush and 15-minute measurement (sealed) periods (74.2 L chambers), or
with a 20-minute flush and 10-minute seal cycle (16 L). Respirometry trials then
continued 20 – 45 hours depending on logistical constraints. Mixing was maintained in
each chamber through a recirculation line which contained an optical oxygen probe
connected to a Firesting system (PyroScience, Aachen, Germany) for DO measurements
(at 0.5 Hz). Each chamber was also outfitted with a standpipe for overflow of which two
had temperature probes placed in them. Background (microbial) measurements were
made in each chamber before and after each trial. In data analyses, background ṀO2 was
always subtracted from total respiration to calculate fish ṀO2 and always remained below
11.5% of fish ṀO2 (median = 0.89%) (see Table A1 for more detailed microbial
respiration information).
Data analysis and statistics
After respirometry trials, fish were euthanized using a 15 mL L-1 clove oil bath,
loggers were retrieved, and their data downloaded. Loggers were re-programmed,
sterilized and used in subsequent trials. The mean slope from each respirometry
measurement period was calculated using LabChart Reader (ADInstruments, Sydney,
Australia), leaving out the first and last minute of the slope to avoid any lag at the
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beginning of the cycle and any influence from the pumps turning back on at the end. This
data was used to determine ṀO2 using the equation
ṀO2 = VRE × MW-1 × δCO2δt-1
in which VRE is the effective chamber volume (in L), MW is the mass of the fish (in kg),
and δCO2δt-1 is the linear slope from oxygen decrease during sealed cycles (mg O2 kg-1
min-1) (Clark et al., 2013). SMR was calculated as the 15th percentile of all data points for
individuals (Chabot et al., 2016), RMR (routine metabolic rate) was the 50th percentile,
AMR was the 100th percentile, and aerobic scope was calculated as the difference
between SMR and AMR; each of these variables used ṀO2 data and is presented in mg O2
kg-1 min-1.
Heart rate data were automatically assigned a quality index ranking (0 – best, 3 –
poorest) based on how ‘clean’ the ECG is using a proprietary Star-Oddi algorithm preprogrammed into loggers, meant to indicate the reliability of the fH estimate as the ECG
data can be noisy depending on the position of the logger within the body cavity, the
strength of the electric signal from the heart, and on surrounding electronic noise. Heart
rate data was filtered to include only points of quality index 0–1 (55% for bowfin, 56%
for largemouth bass). Data were then inspected and filtered. Specifically, we used a
smoothing function whereby any data point that showed a greater difference than 10 bpm
to preceding and proceeding points were removed, and any values < 20 bpm and > 100
bpm were removed as they were considered physiologically improbable given the water
temperatures of 19°C and previously observed fH data (Cooke et al., 2004; Porteus et al.,
2014a; Porteus et al., 2014b). Given the data collected, for modelling only points within
bpm 22 – 77 for largemouth bass and bpm 17 – 44 for bowfin were kept due to lack of
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sufficient data beyond these ranges. Of the 21 bowfin and 30 largemouth bass that
received loggers, eight bowfin and 12 largemouth bass yielded sufficient high-quality fH
data for statistical analysis for a total of 14.3% and 13.8% of data points respectively
after filtering.
Filtered fH data were then matched to corresponding ṀO2 data points for the same
animal that had a timestamp within 10 minutes. Linear mixed effects models (LME) and
general additive mixed models (GAMM) were applied to the relationships between fH and
ṀO2 for both species to determine model of best fit for each. We assessed whether the
data met the assumptions of parametric statistics by plotting model residuals against fitted
values and all predictor variables, and by use of q-q plots. Model terms are reported as
significant at P < 0.05 but we focus more on the effect sizes in our interpretation of the
data.
Results
There were clear differences in fH and ṀO2 patterns between bowfin and
largemouth bass. While bowfin demonstrated a much narrower range of fH when looking
at the 5th and 95th percentiles (bowfin – 19 – 41 beats min-1; largemouth bass – 27 – 68
beats min-1), the full range of fH in bowfin (16 – 98 beats min-1) was comparable to
largemouth bass (20 – 86 beats min-1) (Figure 1a). However, largemouth bass exhibited
greater increases in fH in response to the acute stressor (median increase of of 32 beats
min-1) than did bowfin (median of 15 beats min-1) (Figure 2). Mean fH across the entirety
of the trial was higher in largemouth bass (44  11 beats min-1; mean  SD) than in
bowfin (26  9 beats min-1). A total of 986 data points for ṀO2 were collected among 21
bowfin and 1872 among 30 largemouth bass that could be used to estimate SMR, RMR,
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AMR, and aerobic scope. SMR and AMR were higher in largemouth bass than in bowfin
while RMR was lower (t-tests, t46.4 = -3.26 (SMR), t48.9 = -1.42 (AMR), t28.1 = 3.01
(RMR), all P < 0.001), and aerobic scope did not differ between the species (t-test, t48.6 =
-0.88, P > 0.05).
The strength of the relationship between fH and ṀO2 was negligible in bowfin and
modest in largemouth bass. A linear mixed-effects model was the best fit for the bowfin
data (Intercept = 1.26 ± 0.14 SE, t8.73, P < 0.01; beats min-1 slope = 0.01 ± 0.003 SE, t3.40,
P < 0.01) but a GAMM was the best fit for the largemouth bass data (Intercept = 1.41 ±
0.06 SE, t21.62, P < 0.01; beats min-1 slope = 5.58 EDF, 5.58 Ref. df, F19.12, P < 0.01). A
GAMM fit best to the largemouth bass data because there appeared to be a linear
relationship up to a fH of ca. 66, at which point there was an inflection in the relationship
whereafter ṀO2 increased at a higher rate with each increase in beats min-1. However,
there were few data above that 66 beats min-1 inflection point leading to wider confidence
intervals (Figure 3). Body mass did not significantly improve model fit for either species
(AIC lower for non-mass models, assessed via likelihood ratio tests, P < 0.001).
Discussion
In this experimental study using wild-caught fishes, we found weak relationships
between heart rate (fH) and rate of oxygen consumption (ṀO2) for bowfin and largemouth
bass using heart rate loggers and respirometry. These experiments were carried out under
a constrained range of conditions, whereby all fish were in the laboratory, fasted,
recovering from a moderate handling stressor, and confined in static respirometry
chambers at a constant temperature. We had expected to see some variation in fH and ṀO2
from spontaneous activity within the respirometry chambers, though both species mostly

29

appeared to remain relatively ‘calm’ throughout. Perhaps partly because of that lack of
activity-driven variation, fH predicted only ~1% and 13% of the variation in ṀO2 for
bowfin and largemouth bass, respectively. In the case of largemouth bass, the evidence of
a weak relationship between ṀO2 and biologger-derived fH suggests fH could be
developed as a proxy for relative metabolic rate in largemouth bass using experiments
that include a wider range of experimental conditions such as having fish digest meals
and swim in a swim tunnel respirometers. For the bowfin, fH had almost no predictive
power, perhaps because this air-breathing species relies very little on fH to modulate ṀO2.
Heart rate has long been thought of as an imperfect proxy for ṀO2 in fish for a variety of
reasons, including the fact that fH is one of several ways fish modulate their oxygen
uptake and transport (stroke volume plays an important role in cardiac output;
Thorarensen et al., 1996; Priede & Tytler, 1977). However, there is growing evidence
(relative to early syntheses by Farrell, 1991) that a number of fish are frequency
modulators (including largemouth bass; Cooke et al., 2004) and thus heart rate may
indeed be a useful proxy. This proof-of-concept experiment suggests heart rate loggers
may have a role in the ‘toolbox’ to help quantify metabolic rate in some wild fishes
(Cooke et al., 2016) but more validation is needed. Our findings underline the need for
species-specific calibration experiments before fH can be thought of broadly as a proxy
for metabolic rate.
Heart rate and its relationship with metabolic rate in untethered animals (i.e.,
using loggers or transmitters) has been studied in several fish species that have produced
comparable results to the species used here. Armstrong (1986) found a positive linear
relationship between these variables up to 55 beats min-1 in northern pike (Esox lucius),
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after which the linear relationship dissolved due to larger increases in metabolic rate
relative to fH, similar to what we found in largemouth bass. Atlantic salmon (Salmo salar)
also showed a strong linear relationship between fH and metabolic rate on a logarithmic
scale, one that extends past the point at which both pike (Lucas, 1994) and largemouth
bass appear to dissolve. Other species, however, show weaker relationships between fH
and metabolic rate, such as cod (Gadus morhua), which demonstrated a large range of
ṀO2 values per fH value (Priede & Tytler, 1997), not unlike what we found here in bowfin
where there was a negligible relationship between fH and ṀO2. Strong intraspecific
variation may also explain weak relationships between fH and ṀO2 in fish (Lucas, 1994;
Scharold & Gruber, 1991; Farrell, 1991). This could explain the very weak relationships
for bowfin, where the percentage of variation in ṀO2 explained by individual differences
was high.
Despite the loggers used here being commercially available and “user-friendly”,
their reliability is a possible limitation for their use to generate metabolic data in wild
fish, not unlike previously used custom-made heart rate loggers (e.g., Kojima et al., 2003;
Campbell et al., 2005). For example, only 13.8% of the data points from 30 largemouth
bass and 14.3% of data from 21 bowfin were of reliable quality to be used in analysis.
That shortcoming highlights the need for experimentation to determine optimal logger
settings and placement in the body cavity (i.e., surgical methods) of loggers. For
example, in this study loggers were placed perpendicular to the incision with the
electrodes facing the pericardial cavity; another option to explore would be to place them
parallel to the incision with the electrodes facing the abdominal muscles (Brijs et al.,
2018). Placement of the logger relative to the heart also likely plays a role in its
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efficiency, the further away the weaker the ECG signal, and to optimize results, the
loggers should be kept within 20 mm of the heart (Brijs et al., 2018). Exact logger
placement depends on the anatomy of the species. For bowfin and largemouth bass, the
position of the pelvic and pectoral fins and surrounding cartilage dictated where the
incision could be made safely. Loggers in our study were approximately 10-20
millimetres from the pericardium, with some variation related to body size, although it
was difficult to verify the exact positioning of the tag once it was inside the animal (in
part because it could have moved slightly, despite being sutured to the body wall).
Heart rate loggers offer the promise of being able to estimate metabolic rate in
free-swimming fish in the wild. In this study, we piloted the use of heart rate loggers as a
proxy for metabolic rate in laboratory-held, wild-caught largemouth bass and bowfin.
While the relationships between fH and ṀO2 were weak in the case of largemouth bass
and negligible in the case of bowfin, our experiment involved a relatively narrow range
of conditions. Therefore, we suggest that the relationships we found in largemouth bass
represent sufficient evidence to consider further experimentation that includes a broader
range of conditions, including different temperatures, oxygen levels, activity levels (e.g.,
using a swim tunnel respirometer), and digestive states. Indeed, given the dramatic effect
of water temperature on fish heart rate and metabolic rate, it would be expected that
relationships could be developed across a range of temperatures. Nevertheless, it may
simply be that in these species, fH on its own is not particularly useful for estimating
metabolic rate. Accelerometry has also been shown to provide a good estimate of
metabolic rate when used in conjunction with fH (Clark et al., 2010); this combination is
something to consider for future efforts to remotely measure metabolic rate in free
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swimming fish. The differences between the two species illustrates the need for species
specific calibration of this relationship and the need for pilot studies to experiment with
logger placement in relation to the heart.
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a)

b)

c)

Figure 2.1: Boxplot comparisons of (a) the
heart rate (fH), (b) the standard metabolic
d)
rate (SMR), (c) the active metabolic rate
(AMR), (d) the routine metabolic rate
(RMR), and (e) the aerobic scope of bowfin
and largemouth bass held under controlled
e)

laboratory conditions.
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Figure 2.2: Examples of (a) largemouth bass and (b) bowfin heart rate (fH) data from two
fish, highlighting the differences in cardiac response to stressors applied in a controlled
environment; vertical lines represent the time at which stress events took place, blue is
surgery and yellow is the handling and air exposure stressor.
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Figure 2.3: Scatterplot comparison of heart rate (fH) and oxygen consumption rate (ṀO2)
in a controlled environment overlaid by a general additive mixed model (largemouth
bass) and a linear mixed effects model (bowfin), yellow data points represent quality
index zero (best) and blue quality index one (good).
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CHAPTER 3
A COMPARISON OF CARDIORESPIRATORY PERFORMANCE AND FEEDING
ECOLOGY IN TWO SYMPATRIC WARMWATER PISCIVORES

Introduction
There exists a link between physiological and ecological processes in nature.
Feeding ecology, for example, is intrinsically linked to metabolism, a common
physiological metric measured in fish, as the amount of energy available to a fish is a
direct result of the food it consumes. Thus, improving our understanding of the role of
fish in nature could be expanded by linking the two (Brown et al., 2004), and could
contribute to understanding the impact of a changing climate. By comparing and
correlating various techniques for measuring physiology and ecology we can capture the
potential that exists to better understand the ecology of wild fishes through physiological
means (Young et al., 2006).
Respirometry is the most common method for measuring metabolic rate in many
animals, including fish (Nelson, 2016; Cooke et al., 2004). In fish, metabolic rate is
quantified by measuring oxygen consumption rate; this involves sealing individuals in
underwater chambers with a finite amount of oxygen so that rate of oxygen consumption
(ṀO2) can be measured through declines in oxygen concentration (Nelson et al., 2016).
Despite being limited to use in the laboratory, this information could be combined with
other ecological or physiological data to make clearer inferences and give a better idea of
the role of the fish in the wild (Brown et al., 2004; Cooke et al., 2016). For more
information on respirometry, see chapter two.
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Stable isotopes give information and quantitative metrics of an organism’s
feeding ecology, including carbon sources, relative trophic position, and dietary niches
(Newsome et al., 2007; Parnell et al., 2013; Vander Zanden et al., 1997). The most used
stable isotopes in aquatic ecosystems are carbon (δ13C) and nitrogen (δ15N). Primary
producers reflect the naturally varying isotopic composition of their environments, and
these values are transferred through the food web in a predictable manner that allows
trophic relationships to be quantified (Farquhar et al., 1989; Robinson, 2001; Layman et
al., 2007). Because δ13C varies in primary producers depending on their environment, but
does not vary much by trophic transfer, it can be used to determine the origin of dietary
carbon, and by proxy the habitats used (Layman et al., 2007; Post, 2002). In contrast,
δ15N increases between trophic levels, making it a useful tool for determining the trophic
position of an organism (Layman et al., 2007; Minagawa & Wada, 1984). Taken
together, δ13C and δ15N provide an overview of trophic interactions of organisms and
overall structure of food webs.
Stable isotopes can also provide a time-average assessment of feeding ecology by
analyzing different tissues that vary in turnover rate (Hesslein et al., 1993). For adult fish,
muscle integrates the past 6-12 months and liver 1-2 months of feeding, as liver has a
higher rate of tissue turnover (McConnaughey & Roy, 1979; Pinnegar & Polunin, 1999);
but the rate is dependent on fish size and growth rate (Hesslein et al., 1993; MacAvoy et
al., 2001). Interpretation of stable isotopes can be confounded by the presence of lipids as
they are depleted in 13C due to metabolic and non-dietary reasons, and have lower δ13C
relative to carbohydrates and proteins; this is of particular concern to liver which is much
higher in lipid content than muscle (Post et al., 2007). This bias can be eliminated, or at
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least reduced, by extracting lipids before being analyzed for isotopic composition. As
well, for stable isotopes to be properly assessed for an organism or population, there is a
need for data from suspected prey species from the same system, as isotopic values can
vary between systems (Post, 2002).
Isotopic niche has been used to provide a metric of ecological niche, in this case
as an assessment of dietary and habitat niche (Newsome et al., 2007). For quantifying
isotopic niche, a standard ellipse area (SEA) is measured by drawing an ellipse around
40% of data on the δ13C and δ15N biplot (Jackson et al., 2011). Uncertainty does increase
with smaller sample sizes, but it has improved from older methods which encompassed
all data points when determining isotopic niche, outliers included (Jackson et al., 2011).
Overlap between the isotopic niches of different tissues or species can be calculating
using nicheROVER, a recently developed package that can calculate overlap in isotopic
niches calculates using more than two parameters (Swanson et al., 2015). To date,
comparison of isotopic niche overlap has largely used only isotopes, although overlap has
also been calculated using mercury (Yurkowski et al., 2020; Le Croizier et al., 2020).
Including other parameters, such as metabolic rate, could provide novel insights on the
niche species or populations.
Bowfin (Amia calva) and largemouth bass (Micropterus salmoides) are widely
distributed fish in North America, but only largemouth bass are of any significant
recreational importance. Both species prefer the calmer, more vegetated waters found
along shorelines and in marshes (Koch et al., 2009; MacKay, 1963; Scott & Crossman,
1973). They are both piscivores who share similar prey preferences, with populations
generalizing for smaller fish species and crayfish (Hodgson et al., 2006; Nawrocki et al.,
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2016; VanMiddlesworth et al., 2017), though at the individual level bowfin have been
known to specialize, often for crayfish (Mundahl et al., 1998). However, these species are
phylogenetically distant and have profound physiological and morphological differences
despite their apparent ecological niche overlap (Hedrick & Jones, 1999; Gibb et al., 2013;
Scott & Crossman, 1973; MacKay, 1963). Bowfin, the only remaining member of the
family Amiidae, are an ancient air-breathing species that evolved 150 million years ago,
while largemouth bass, a member of the family Centrarchidae, are a purely waterbreathing species that evolved only 3-4 million years ago.
The goal of this study was to quantify the relationship between feeding ecology
and metabolic rate in two fish species, bowfin and largemouth bass, as estimated by
stable isotopes and oxygen consumption rate (estimated via respirometry), respectively.
Feeding ecology metrics, including carbon source, trophic position, and isotopic niche,
were compared to the metabolic rates across individuals of each species. Given that
metabolic rate and trophic position often correlate with fish size, we selected adults
within a confined size range and controlled for mass in our analyses. Bowfin have had a
wider range of isotopic values than largemouth bass in previous studies, indicating
individual specialists in generalist populations and leading to a wider isotopic niche and
range of trophic positions (Nawrocki et al., 2016). Largemouth bass may specialize at the
population rather than individual level depending on what prey is available (Winemiller
& Taylor, 1987), and have a smaller range of isotopes values than do bowfin (Nawrocki,
2015). As such, we hypothesized that the larger isotopic niches of bowfin would be
associated with higher metabolic rates because a greater scope of activity is needed to
capture and digest a wider range of prey types. By taking this approach, we are able to
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examine the functional relationship between feeding ecology and metabolic rate, and
potentially identify new processes that structure feeding ecology in fish. As well, this
research provides an assessment of whether feeding ecology can be used to predict
metabolic rate, or vice versa, potentially increasing the predictive power of each of these
tools in estimating physiological or ecological metrics of fish.
Methods
Fish collection
Twenty-one (21) bowfin and 30 largemouth bass were collected via boat
electrofishing from around Fighting Island in the Detroit River in May and June 2019 and
transported by boat to the nearby shoreline aquatic research facility, the Freshwater
Restoration Ecology Centre (FREC). At FREC, fish were given either a floy or PIT
(passive integrative transponder) tag for identification and placed into holding tanks of
either 14°C or 19°C, depending on tank availability, and held in quarantine for seven
days as per institutional animal care requirements. All fish were moved to 19°C tanks
immediately prior to and for the duration of metabolic experiments. All procedures for
this study were approved by the University of Windsor Animal Care Committee
following guidance set by the Canadian Council on Animal Care (U. Windsor AUPP
#19-08). For more detail on fish collection, see chapter two.
Emerald shiner (Notropis atherinoides) were collected from the shores of the
Detroit River in LaSalle through seine netting in May of 2018 and were analyzed for δ13C
and δ15N, though they did not undergo lipid extraction prior to analysis.
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Respirometry experiments
Respirometry methods were given in detail in chapter two. Briefly, fish were
placed in chambers of either 16 L (26 largemouth bass, two bowfin) or 74.2 L (five
largemouth bass, 20 bowfin) linked to timers with 30-minute flush and 15-minute seal
cycles (74.2 L chambers), or with 20-minute flush and 10-minute seal cycles (16 L) for
20 – 45 hours, with the exact duration depending on research team availability. Internal
mixing of the chambers was maintained through recirculation lines which contained an
optical oxygen probe connected to a Firesting system (PyroScience, Aachen, Germany)
for continuous measurements (0.5 Hz). Each chamber also had standpipes for overflow,
of which two were used for insertion of temperature probes used by the Firesting systems
to calculate dissolved oxygen. Prior to and after each trial, background microbial
measurements were taken and subtracted from total respiration to calculate fish ṀO2 in
analyses. Background ṀO2 always remained below 11.5% of fish ṀO2 (see Table A1 for
complete microbial respiration information).
Respirometry analysis
After respirometry trials, oxygen consumption data generated during the seal
cycles were isolated using LabChart Reader (ADInstruments, Sydney, Australia) by
calculating the average slope generated each cycle, leaving out the first and last minute of
the slope to avoid any influence from the flush pumps switching off and back on. ṀO2
was determined from this data using the equation
ṀO2 = VRE × δCO2δt-1
in which VRE is the effective chamber volume (in L) and δCO2δt-1 is the linear slope from
oxygen decrease during sealed cycles (mg O2 L-1 min-1) (Clark et al., 2013). ṀO2 data was
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then used to calculate SMR (15th percentile of all data points for individuals) in mg O2
min-1. SMR was then regressed against mass and the residuals extracted (for use as massadjusted ‘relative SMR’) to control for mass in further analysis.
Stable isotope analysis
Upon completion of respirometry trials, fish were euthanized using a 15 mL/L
clove oil bath and muscle and liver tissue samples were collected from each fish. Samples
were frozen at -80°C and lyophilized at -48°C and 133 x 103 mbar for 48 hours prior to
processing for δ13C and δ15N. Samples were then homogenized and underwent lipid
extraction using a 2:1 chloroform:methanol mixture to eliminate bias associated with
lipids (Post et al., 2007; Nawrocki et al., 2016). After lipid extraction, samples were
homogenized once more and then weighed into tin capsules (400-600 μg) and analyzed
for δ15N and δ13C content using a Delta V Advantage Thermoscientific Continuous Flow
Mass Spectrometer (Thermo Scientific, Bremen, Germany) coupled to a FlashEA 1112
NC Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) in the Great Lakes
Institute for Environmental Research’s Chemical Tracers Laboratory.
Instrument accuracy throughout the sample analysis period as measured by NIST
standards was within 0.2‰ for both δ15N (NIST 8547, NIST 8573 and NIST 8574) and
δ13C (NIST 8573, NIST 8542, and NIST 8574). Precision of δ13C and δ15N based on four
laboratory standards (NIST 1577c, tilapia muscle, USGS 40 and Urea; n = 15 for all) run
every 12 samples was within 0.2‰. The reproducibility of δ13C and δ15N sample tissue
replicates (measured in triplicate every 13 samples) was ± 0.1‰ (n = 7), which falls
within the acceptable range for both isotopes (± 0.2‰).
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Data analysis
Trophic position was determined using the equation (Vander Zanden et al., 1997):
𝛿15𝑝𝑟𝑒𝑑𝑎𝑡𝑜𝑟 – 𝛿15𝑁𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

TPδ15N = (

3.4

) + TPbaseline

where δ15Nbaseline is the δ15N of emerald shiner and TPbaseline is 2.9, its trophic position
based on literature (McLeod et al., 2015).
Data were assessed for the assumptions of parametric analysis through the
plotting of residual values against fixed values and the use of q-q plots. Data were found
to meet the assumptions of parametric statistics, and normal t-tests were performed to
determine if there were significant differences between SMR, δ13C and TP between
species.
Relationships between trophic position, δ13C and SMR with body mass were
assessed with linear regression to determine if mass was a covariate. The relationships
between trophic position for both species and relative SMR values (residuals from the
regression of SMR and mass) were assessed with linear regression, as were relative SMR
and δ13C for largemouth bass, and SMR and relative δ13C (residuals from the regression
of δ13C and mass) for bowfin as regressions between δ13C and mass revealed the need to
control for mass in bowfin.
Isotopic niche sizes were calculated using δ13C and δ15N, δ13C and SMR, and
δ15N and SMR for each species and tissue type and graphically displayed using standard
ellipses using the package SIBER (Stable Isotope Bayesian Ellipses in R; Jackson et al.,
2011). Niche overlaps (mean %) were calculated using nicheROVER (Swanson et al.,
2015), using δ15N and δ13C, and δ15N, δ13C and SMR as the parameters as nicheROVER
allows for more than two variables to be used in calculation.
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Results
In Bowfin, values of δ13C were significantly lower (t-tests, muscle – t27.0 = -2.78;
liver – t27.4 = -2.35, P < 0.05), SMR significantly higher (t-test, t29.2 = 6.01, P < 0.05) and
trophic positions lower (t-tests, muscle – t24.6 = -6.60; liver – t46.0 = -4.12, P < 0.05) when
compared to largemouth bass (Table 1). Mean SMR was found to be 1.3 ± 0.5 (mean ± 1
SD) in bowfin and 0.7 ± 0.2 in largemouth bass. Trophic position had no significant
linear relationships with mass for all species and tissues (P > 0.05) except largemouth
bass liver (P < 0.05) that had a weak relationship (R2 = 0.13), and therefore mass was not
controlled for in further analyses with trophic position (Figure 1). Values of δ13C were
found to have significant linear relationships with mass in bowfin (R2 = 0.34 in liver,
0.47 in muscle, P < 0.05) but not in largemouth bass (P > 0.05) using linear regression
analysis, and therefore residual values from the regression analysis were used to control
for mass in further bowfin analyses but not largemouth bass (Figure 1). Stronger linear
relationships were found between SMR and mass for both species (R2 = 0.79 bowfin, =
0.73 largemouth bass, P < 0.05), and therefore residual values from the regression
analysis were used to account for mass in future analysis. Linear regressions revealed no
relationships between trophic position or δ13C and SMR using the residual values (P >
0.05) (Figure 2).
Bowfin had larger isotopic niches than largemouth bass for both muscle and liver
as calculated using SIBER (Table 2, Figure 3). Isotopic niche overlap was relatively high
intraspecifically but was lower interspecifically with largemouth bass overlapping more
of the bowfin niche than vice versa calculated using nicheROVER (Table 3). This held
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for δ13C and δ15N and δ13C, and δ15N and SMR as variables. Niche overlap without SMR
as a third variable was higher in all cases (Table 3).
Discussion
Bowfin and largemouth bass in the Detroit River displayed different feeding
ecology based on stable isotopes and metabolic rates based on oxygen consumption.
Bowfin fed at a lower trophic position and a wider range of carbon sources and had a
larger isotopic niche than the largemouth bass. Isotopic niche overlap was high within
species and lower between species. This held for both liver and muscle, suggesting little
seasonal variation in relative feeding ecology for both species. Absolute metabolic rate
was higher in bowfin than in largemouth bass, consistent with the larger size of bowfin in
this study. No relationships were found between feeding ecology and metabolic rate
between either species or tissue type, suggesting that, within the size ranges and
environmental conditions (i.e., warmer water) studied, metabolic rate has little
association with feeding ecology of these species.
Largemouth bass fed at a higher trophic position than the bowfin, which was
somewhat unexpected given their smaller size, as size often correlates positively with
trophic position in fish (Rau et al., 1981). Bowfin have been shown to specialize on
crayfish (Orconectes spp.; Cambarus spp.) (Mundahl, et al., 1998), which could explain
their lower trophic position here. Previous work in the Lake Huron-Erie Corridor
indicated that while bowfin were generalists at the population level, they had a high rate
of individual specialization, and occupied a wide range of trophic positions while
largemouth bass had much smaller isotopic niches indicating that entire populations were
feeding at the same trophic level (Nawrocki et al., 2016; Nawrocki et al., 2020).
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Largemouth bass in this system have previously been found to have slightly higher
trophic positions (4.4; Nawrocki et al., 2020) than bowfin (4.2-4.3; Nawrocki et al.,
2016).
Bowfin had lower δ13C than did largemouth bass, suggesting a more pelagic diet.
The study system, Detroit River, is shallow and divisions between pelagic and
littoral/benthic habitats are subtle, with likely mixing of stable isotopes between habitats.
Values of δ13C in Dreissenids, which represent a more pelagic filter feeding carbon
source, were lower than oligochaetes, a benthic feeder collected in the system (Table 1),
supporting the conclusion about relative carbon source between the species. Bowfin and
largemouth bass generally prefer the calmer more vegetated waters found along the
shorelines of the bodies of water they inhabit (Koch et al., 2009; MacKay, 1963; Scott &
Crossman, 1973), though the data collected here indicate that bowfin might travel more
into the river channel to feed or that their prey may be doing so. Largemouth bass,
however, have previously been found to have narrow habitat ranges in the Lake HuronErie Corridor (Nawrocki et al., 2020), and the relatively narrow range in δ13C values here
reflects that and suggests they remain mainly in the more littoral waters.
For bowfin there was a significant positive relationship between δ13C and mass,
while in largemouth bass no such relationship existed. Bowfin isotopic niche spanned a
much wider range of δ13C values than largemouth bass, which might be partially driven
by a larger range in body size, so it is possible that even with our limited size range there
was some sort of effect of size on where bowfin were feeding in the system but not on
largemouth bass. However, there are also other ecological and environmental effects to
consider that can affect intraspecific variation in spatial and foraging niche beyond size
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(Poff & Allan, 1995; Robinson & Tonn, 1995). Further study would be needed to
investigate the full effects of body size.
Isotopic niche was wider for bowfin than it was for largemouth bass, likely owing
to bowfin exhibiting individual specialists in a generalist population whereas largemouth
bass have more similar diets among individuals (Hodgson et al., 2006; Nawrocki et al.,
2016; VanMiddlesworth et al., 2017; Mundahl et al., 1998). There was overlap in isotopic
niche between the two species indicating common prey, which has been observed in the
past (Hodgson et al., 2006; Nawrocki et al., 2016; VanMiddlesworth et al., 2017).
Absolute SMR was significantly higher in bowfin than in largemouth bass,
consistent with their larger size. Mass-specific SMR was in fact lower in the bowfin than
in the largemouth bass (see chapter 2), consistent with the usual pattern of decreasing
mass specific SMR with increased body mass in fish (within and across species, Chabot
et al., 2016). The purpose of using non-mass specific rates was to control for mass in
quantifying relationships between metabolic rate and isotopes and isotopic niche, as it
can be a confounding factor for isotopes and metabolic rate (Rau et al., 1981; Chabot et
al., 2016).
Despite differences in isotopic niche and metabolic rate between bowfin and
largemouth bass, neither species exhibited any relationship between feeding ecology and
SMR. This is less surprising in terms of the relationship between SMR and δ13C as while
metabolic rate might be inherently linked to feeding, there are other factors that play into
spatial niche (Poff & Allan, 1995; Robinson & Tonn, 1989) which might have a stronger
effect than size. Trophic position, however, is as intertwined with mass as metabolic rate
is, indicating that there would likely be a relationship between the two. However, we did
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not find any sort of relationship. This implies that while both are intrinsically linked to
mass (Rau et al., 1981; Chabot et al., 2016), their relationships with it are different and
there is no strong, direct link between the two at the level of intraspecific variation.
Higher metabolic rates in bowfin did correlate with wider isotopic niches however this
was a purely qualitative observation that would need to be corroborated with further
analysis among more populations in order to say anything definitive about this
relationship. Rate of overlap of niches between the two species also went down when
SMR was added as a third factor, though this was to be expected as adding in a third
factor will change the relationship between them. The same could not be said
intraspecifically, but that was also to be expected as SMR remains the same for both liver
and muscle tissue within a species. Further studies should be done looking at a wider
range of size, age, and metabolic data for the two species presented here as well as for
other species with contrasting life histories.
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Figure 3.1: Relationships between mass (g) and trophic position (calculated using δ15N
and emerald shiner as a baseline species), mass and δ13C, and mass and SMR (standard
metabolic rate) in bowfin and largemouth bass, yellow points are muscle data, blue points
are liver data, and purple points are SMR data which applies to the whole fish.
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Figure 3.2: Relationships between trophic position and the residuals of the species-level
mass-SMR (standard metabolic rate) relationship in mg O2 min-1, between δ13C and the
residuals of the species-level mass-SMR relationship in mg O2 min-1 for largemouth bass,
and residuals of the species-level mass- δ13C relationship and the residuals of the specieslevel mass-SMR relationship in mg O2 min-1 for bowfin, bowfin are represented by blue
and largemouth bass yellow.
60

Figure 3.3: Isotopic niche of bowfin and largemouth bass muscle and liver as estimated
and represented by SIBER standard ellipses covering the core 40% of data for δ13C and
δ15N, δ13C and SMR (standard metabolic rate), and SMR and δ15N, bowfin are
represented by blue and largemouth bass yellow, triangles and solid ellipses represent
muscle data, and circles and dashed ellipses liver data.
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Table 3.1: Stable isotopes and body length (mean ± 1 SD) of bowfin and largemouth bass, and baseline species and Standard Ellipse
Area (SEAC) of bowfin and largemouth bass collected in the Detroit River between 2013 and 2019. Dashes represent where there is no
data and asterisks represent where there were composite samples.
Species
Bowfin
Largemouth
bass
Prey
Emerald shiner
Oligochaetes
Dreissenids

Yea Total Length
r
(cm)
2019
54.8 ± 9.7
2019

35.4 ± 5.6

Mass
(g)
1462.9 ±
601.7
664.9 ± 290.5

2018
2014

7.1 ± 0.9
1.8 ± 0.2

1.7 ± 0.6
0.01 ± 0.02
0.3 ± 0.2

Tissue

n

Liver
Muscle
Liver
Muscle

22

Whole*
Whole
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31

14
7
10

δ13C
(‰)
-19.6 ± 2.7
-20.0 ± 3.3
-18.1 ± 1.2
-17.9 ± 1.5

δ15N
(‰)
13.4 ± 1.1
12.5 ± 1.4
14.6 ± 1.1
14.5 ± 0.5

C:N
(‰)
3.6 ± 0.3
3.2 ± 0.1
3.5 ± 0.3
3.2 ± 0.1

SEAC
(‰)
9.2
13.7
4.4
2.4

Trophic
Position
3.1 ± 0.3
2.9 ± 0.4
3.5 ± 0.3
3.5 ± 0.1

-22.2 ± 1.2
-20.2 ± 1.2
-24.8 ± 0.7

12.6 ± 1.4
7.9 ± 1.5
5.9 ± 0.3

3.5 ± 0.1
5.0 ± 0.6
5.2 ± 0.6

-

-

Table 3.2: Isotopic niche sizes of bowfin and largemouth bass collected in the Detroit
River using: i) δ13C and δ15N, ii) δ13C and SMR (standard metabolic rate), and iii) SMR
and δ15N as parameters calculated using SIBER standard ellipses.

Bowfin Muscle
Liver
Largemouth bass Muscle
Liver

δ13C
δ15N
13.7
9.2
2.4
4.4

δ13C
SMR
3.3
3.0
1.1
1.0
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SMR
δ15N
2.1
1.6
0.4
0.9

Table 3.3: Mean isotopic niche overlap (‰ ± 1 SD) between bowfin and largemouth
bass and between muscle and liver tissue with δ15N and δ13C, and with δ15N, δ13C and
SMR (standard metabolic rate) as calculated by averaging the overlap of each tissue on
each other (niche overlap calculated by nicheROVER at an ellipse size of 95%).
Isotopes
Within species
Within tissue

Bowfin
Largemouth Bass
Muscle
Liver

83.2 ± 13.0
79.4 ± 18.9
53.9 ± 55.1
67.8 ± 23.1
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Isotopes and
SMR
81.1 ± 9.3
78.5 ± 18.8
10.8 ± 12.6
20.9 ± 13.9

CHAPTER 4
CONCLUSION

Thesis summary
There exists a gap in knowledge where physiology and ecology overlap, one that
can be fulfilled by bridging physiology and ecology by making physiological
measurements in wild fishes to better understand their ecological function (Young et al.,
2006). The goal of this project was to start to fill that gap by calibrating heart rate logger
technology that can be used in free-swimming fish as a proxy for metabolic rate and
quantifying the relationship between metabolic rate and feeding ecology. By calibrating
these relationships, we can start to better integrate physiological and ecological
knowledge to better understand fish function and specific roles in nature.
Chapter 2
Chapter two looked at the relationship between heart rate and mass-specific
oxygen consumption rate in bowfin (Amia calva) and largemouth bass (Micropterus
salmoides). Being able to study metabolism in wild fish is especially important in the
face of climate change as it is intrinsically linked to temperature. However, respirometry,
despite its popularity as a metabolic proxy, has its limitations as it is restricted to
laboratory settings therefore requiring extrapolation for the energetics of wild freeswimming fish. Heart rate has the potential to similarly act as a metabolic proxy as the
heart plays a direct role in the uptake and transportation of oxygen (Butler et al., 2004),
and can be measured using small electronic tags that are not restricted to certain
conditions. These loggers can be implanted in wild-caught fish which can then be
released while loggers make intermittent measures. However, the relationship between
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heart and oxygen consumption rates needs to be calibrated in order to do this. Using wildcaught bowfin and largemouth bass, I calibrated heart rate logger technology and its
relationship with metabolic rate by applying simultaneous respirometry and heart rate
logger trials, hypothesizing that there would be a positive relationship between heart (fH)
and oxygen consumption (ṀO2) rates, and that this relationship would vary between
species.
Largemouth bass had higher mean heart rates, standard (SMR) and active (AMR)
metabolic rates, and lower mean routine metabolic rate (RMR) than did bowfin and were
consistent with general activity levels and reported values for these species (Glover et al.,
2012; Porteus et al., 2014a). At a broad level, heart rates in primitive fish, such as the
bowfin, are intrinsically lower than those of teleost fish, such as the largemouth bass
(Farrell, 2007), and previously recorded heart rates for each species are in range of what I
observed (Cooke et al., 2004; Porteus et al., 2014b). Consistent with my results, previous
bowfin data did not show much increase in fH while under stress (Porteus et al., 2014b).
Despite being exposed to identical experimental conditions, the range (5th – 95th
percentiles) of fH in largemouth bass was much wider than in bowfin. Largemouth bass
also had much greater elevations in fH and ṀO2 following surgery and after the acute
stressor than did bowfin, which suggests they may be more responsive to stress than
bowfin. Similarly, while the aerobic scope for both species was not significantly
different, AMR was significantly lower for bowfin than for largemouth bass, indicating
that the lack of response to stress is reflected in the whole animal and not just fH.
However, we need to consider that bowfin might only exhibit a small range of fH
regardless of context, as suggested by previous work (Porteus et al., 2014a, 2014b), or
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that holding bowfin out of water as I did here might simply not affect them as it does
largemouth bass because they are an air-breathing species (Hedrick & Jones, 1999).
Other stressors might be better suited to causing stress and affecting fH in bowfin, such as
cold shock, which caused a sharp increase in serum cortisol levels in previous work on
the species (Hanson & Fleming, 1978).
I found efficacy of the loggers to be a concern as only 14.3% of bowfin and
13.8% of largemouth bass data remained once low-quality data had been filtered out, a
potential result of logger placement that could potentially be improved by further
experimentation that was not done here due to logistical constraint as there was only a
limited amount of time and individuals available. However, even with the small amount
of useable data, I found there to be a weak relationship between fH and ṀO2 in largemouth
bass, which has promise considering the narrow range of conditions the experiment took
place under. Further experimentation under a greater range of conditions is necessary to
determine if heart rate loggers may be effectively used as a proxy for metabolic rate in
wild fishes.
Chapter 3
Chapter three looked at the relationship between metabolic rate, as determined by
respirometry, and feeding ecology, as quantified by stable isotopes. Metabolism is
intrinsically linked to feeding ecology as available energy is determined by what a fish
consumes. By comparing metabolic and feeding ecology data, we can expand our
understanding of fish ecology through physiological means (Young et al., 2006).
Improving our understanding of fish ecology and physiology is important for
understanding the impact of a changing climate on fish populations.
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The same respirometry data that were used for chapter two were used here, and
muscle and liver tissue samples were collected from each fish once respirometry trials
were complete and analyzed for carbon (δ13C) and nitrogen (δ15N). To control for mass,
trophic position, δ13C, and absolute SMR underwent linear regression with mass to check
for relationships and where there were relationships, residual values were extracted and
those used for further analysis. Trophic position and δ13C were then both regressed with
SMR using the mass-controlled values where necessary.
Bowfin had lower trophic positions, δ13C, and higher SMR values than did
largemouth bass. Higher SMR values were consistent with expectations considering they
are a larger fish than largemouth bass, but their larger size means I would have expected
bowfin to have higher trophic positions than largemouth bass unlike what was found.
Bowfin had larger isotopic niches and niche overlap was found to be high
intraspecifically and low interspecifically. Bowfin having the larger isotopic niche was to
be expected considering that they demonstrate individual specialization within generalist
populations (Mundahl, et al., 1998; Nawrocki et al., 2016).
No relationships were found between SMR and either trophic position or δ13C in
either species. Considering the intrinsic link between metabolism and feeding ecology,
these results were surprising; available energy is determined by what a fish consumes
therefore we expected that higher metabolic rates would correlate with higher trophic
positions as both often correlate with size of the fish and therefore size of prey consumed
(Rau et al., 1981; Chabot et al., 2016). However, as there are other factors that play into a
fish’s spatial niche (Poff & Allan, 1995; Robinson & Tonn, 1989), it is less surprising
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that there was no relationship between metabolism and δ13C. Despite this, higher SMR
did correlate with a wider isotopic niche on a qualitative basis.
These results could be due to either there not being a relationship between
metabolic rate and feeding ecology despite their apparent interconnectedness, or it could
be due to the lack of size and age range and metabolic rates represented by this study.
Expanding the conditions of study and including both more populations of the species
represented and other species will tell us more about if these relationships were
underrepresented due to a narrow range of parameters the fish fit within, or if there is no
relationship to speak of.
Conclusion
The data presented here indicate that there is still a need to explore the
relationship between physiological and ecological measures. I present a proof of concept
that takes place under a specific set of conditions and argue that it shows promise for
future use once tested again spanning a greater range of conditions and species. Heart rate
loggers especially showed promise for use as a proxy for metabolic rate and while there
were no relationships found between metabolic rate and feeding ecology, the concept
should not be dismissed until further testing is completed.
Future work should take into consideration a wider range of conditions such as a
greater range of temperature and oxygen levels, metabolic events such as the digestion of
meals and growth, and swimming activity. By testing the relationship between heart rate
and metabolic rate under an increased set of conditions, it can be strengthened and made
more reliable for field use. Additionally, expanding the conditions can tell us if bowfin
can reach higher heart rates, or if conditions represented here caused them to hit
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maximum heart rate. Options to consider include the use of swim tunnel respirometers
over static intermittent flow, and accelerometry, which has been shown to provide a good
estimate metabolic rate when used in conjunction with fH (Clark et al., 2010). These
measures should be taken into consideration along with the need for species-specific
calibration, including logger placement. This also holds true for the relationship between
metabolic rate and feeding ecology, by expanding the range of conditions and therefore
the range of data it can be determined if the lack of relationship found between metabolic
rate and feeding ecology here is because there is no relationship or because the range of
data were too narrow to determine.
Almost all fish used in these studies were adults that fit within a small size range.
Future work should also take into consideration a greater range of size and age groups to
better represent the feeding ecology of a species throughout its lifespan. Fish face a
unique set of challenges in a warming climate, increased temperature decreases oxygen
content in water therefore causing a need for increased respiration and heart rate to bring
the requisite amount of oxygen needed to a fish’s tissues. However, fish can only
accomplish this up to a certain temperature if there are still enough food resources to
sustain them. Changing temperatures could change the niche of species, altering
ecosystem structure and forcing fish to either adapt or perish. If we can increase our
understanding of the mechanisms behind these adaptations by bridging the gap between
physiology and ecology and expanding our ability to quantify them in the field, we can
use this knowledge to better conserve fish populations and protect aquatic ecosystems for
future generations.
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APPENDIX

Table A1: Percent microbial respiration (relative to standard metabolic rate) for each
chamber and trial used in fish respirometry trials, dashes represent where there was no
fish present, blackened boxes represent where the chamber was removed from trials due
to reconfiguration, and shaded boxes represent 74.2 L chambers while white represents
16 L chambers.

Trial

1
2
3
4
5
6
7
8
9
10
11
12

1
0.6%
0%
0%
0%
0.5%
2.2%
2.8%
0%
0.6%
0%
-

2
1.3%
0%
0.2%
1.8%
1.3%
3.1%
0.9%
1.8%
1.5%
0.7%
-

Chamber
3
1.1%
0%
0%
1.7%
0.1%
2.1%
1.9%
0%
1.6%
0%
11.5%

74

4
0.6%
0%
0%
1.2%
1.7%
1.4%
3.5%
5.1%
4.0%

5
0%
0.9%
2.2%
3.5%

6
0.8%
0%
0.5%
0.7%
2.2%
5.9%
2.5%
3.1%
4.5%
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